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THE -EFFECT OF INLET VALVE DESIGN SIZE AND LIFT ON THE

-Alﬁ CLPACTTY AND OUTFUY OF A FOUE~ STEUKE“VFGINE
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SUMMARY O
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-

. A serles of pérformance, té€sts has been made with a .
CER - englne at canstant inlet pressure and temperature and
congtant exhaust presgure. Special cylinder heads with
different sizeg and designs "of inlet vdlve and port were
used. -The valves were tested at several 1lifts - both In
the englne and in a steady-flow apparatus. ' )

— — i N

. It was found that the variation of volumetrlc effi-
ciency resulting from changes in valve ‘design, size, and
1lift could bve exprssqu as a functlion of o
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piston speed X pistom ;;;E“'
‘.. T sound velocity X wvalve arees X average flow coefficient
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provided that other deeign ratios and operating condi- T .-'l
tions were kept constant. The average flow coefficien® = ° o
was- determined from steady-flow tests of the valve and

port and from the disgram -0f valve opening. against crank L
angle. The valve area-was the area of the valve head 7] o
based fipon the minimum diameter of contagt between valve
and seat. Sound velocity was computed for air at- inktet-

mixbure temperature.

e e

INTRODUGTION . . . . - L. o =l

- e C e =

The factors which affect tha volumetric efficienty
of an internal combustion engine may be classified into
two categoriesy . i .

(1) Operating conditions, such as revolutions per
minute, inlet and exhaust pressures, operating tempera-
tures, and so forth T LT T
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(2) Design factors, 1ncluding—deslgn of cylinder,.
valves, inlet and exhaust manifolds, valve timing, and _
80 forth o I R R A : - o

This investigation was carried out to determine the of- -
fect of.inlet~valve design, slze, and 1lift on volumetric
efficiency at several engine speeds, In order to accom-
modate valves of different: sizes, the cyllnder end of theo
inlet port had a different diameter for each’ size of valve . o
tested. All other operating conditions agnd design ratios

were held constant,

In references 1 and 2 reports were made of previous
investigetions at Massachusetts Institute of Technology
on the relative importance of inertia of the air columns,
fluid friction, and heat transfer upon volumeisric effi-
ciency. In these reports it was shown that, a?t low air”
velocities, the valve.and port affect the volumetric ef- .
ficiency chiefly by increasing the temperature of the
charge in the -eylinder., - At higher velocities ths wolu-
metric efficiency-may also be. reduced by a lowering of
the pressure in the cylinder at the time of inlet cloeing. B

Methods have been developedrfor experimenta‘ly deter~
mining the resistsnce offered to,steady air ficw-dby dif-
ferent designs of port and valve, (bec refuiences 3, 4, i
5, and 6,) The measure of thisg resiscarce 1s embodied in
the curve of gteady-flow coefficient against Liit-diameter L
ratio ob@alned by static-flow.tests. - This type of test— ' =
ing is described in appendix A,

"Resistance %o Tlow can be’ réduced by the’ following o
meang: ' (1) incressing the valve aréa; (2) increasing the
valvé lift,.end (3) 1mprov1ng the Va1Ve ana port d991gn.:J

At the present time theee facta are regognized by
designers, ‘but-as yet ho mezns have been devéloped bg
which 3% ie Possibdle %o predict the- quantitablve effect
that changes in thege factors will have on the volumet-
ric efficlency and power output ¢f an engine. The pur-
pose o0f this ressarch Wae_tq,inveetigate the possibllity
of such a prediction by correlating the curves of volu- R
metric efficiency against piston speed of an englne op- . -
erating with different sizes and de31gns of inlet valve ’
and port &nd observing the correspondlng trends in power oL,
output, : . L o - TTE=

The objects of the tests were:
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(1) To investigsate the possibility of .correlating.

the relationships Petween volumetric efficiency and piston
speed of a given engine operate& with inlet valves and
ports of different size but of 'simlilgr design

{2) To determine whether such a cbrrelation‘cén be
applied when the engine is operated with a given inlet
valve at several lifts

(z) To determine whether the correlation ﬂﬂ'the case
of « geometrically ‘gimilar valves can be satisfaotorily ap=,
rlied when dissimilar valves are used e S —

(4) To determine whether, under the conditions of
the tests, changes in volumetric efficiency produce cor-
responding changes in mean effective pressure o

The tests were made at the Sloan Laboratories of
the Fassachusetts Institute of TechnOIOgy with the finan-’
cial assistance of ths National Advisory Committee for
Aeronagutics. - :

DESGRIPTION OF APPAEATUS

Engine

The engine used was a CFR single-cylinder, water-
coocled engine of 3,265-inch bore and 4.5-inch stroke
(figs. 1 and 2), The cylinder used was an old style with
removable head. (4 special steel flywheel was used, and
a heavynduty connecting rod with removable crankpln bear~

to stand up at high speeds.)

Four cylinder heads were used (fig. 3); they were
identicdal with the exception of the inlet valves and
seats and the lower portion of the inlet ports. A
standard CFR exhaust valve was used. An saluminunm spacer
between the cylinder and the cylinder head provided _
openings for two spark plugs. The compreesion ratio was
4.92.- Ignition was provided by a breaker operating at
.crankshaft speed.

Inlet System

Air supplied to the engine was passed successively
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through e standard sharp-edge orifice, a 50~gallon ori-
fice box, a throttle valve, a heated. vaporizing tank, and
an 1ntake plpe lea&ing to the engine, (See figh 4.)

Inasmuch ag the inlet pressure used for calculating

volumetric efficiency wWas measured in the vagorizing tank-

it was desirable-to have negligible prgssure drop througn
the inteke pipe and freedom from resonagjce effects that

would complicate: an analysis of the results, Therefoze,'j:

the intake ' pipe was, mgde as shorit as pgacticable and wase
extremely large for thé air flow through it.' - (See fig..
5.) 4An attempt to measure pressure waves in- the inlet
ripe. demonstrated that the pressure variations were less
than B percent of theg’ mean abgolute.pressure.

Fuel and Fuel System
The fuel used. was 73-octane aviation gasdline, both
leaded and unleaded. The only critical characteristic
was volatillity; since no detonation was encountered even
when 65-octane~fuel was btried.

The gasoline was supplied by a pump t0 a steam— -
Jacketed.nozzle, where it was heated just prior to in-
jection into the air stream entering the Jjacketed vapor-
izing tank. (See fig. 4.) With the tank walls heated
gsufficiently to maintain 120° F uixture temperature
entering the engine, there was no trouble from condensa-
tion of aviation gasoline.

Exhadstfsystem
. The exhaust port was connected by a short pipe to a
5—ga110n water-jacketed surge tsnk. The exhaust gases
then passed:through .a throttle valve into: the laboratory
exhaust system. (See figs. 4 and 5.) .
Codling:Systgm

Coolina was .provided by: circulatlng water through

the jackets by a separately driven pump. Jacket_ temper-

ature was controlled by bleeding cold water or steam Tinto
the system as oOccasion reou1rad
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Lubrlcation

A separately driven gear pump forced 1ubr1cating oil
into the oil gallery of the engine -under préssure, The
relatively large amournt of oil -bypassed by a relief valve
was circulated through heat exchangers and returned to
the sump in the engine base. his arrangement provided
close control both of the temperature of the 0il in the
sump and that of the 6il entering the oil gallery.

Valves’

Strobosgscopic obeservation of the operation of the
standard Waukesha high-speed camshaft and special valve
gear indicated that the valves ceased to follow the cam
above 3800 rpm and bounced on closing at slightly higher
speeds. Consequently a specisl high-~speed &am and upper
valve gear were designed: Thie méchanism provided ex-
treme rigidity and enabvled operation above 4400 rpm with
no‘evidence of bouncing or failure to follow %the cam. )
(See figs, 6 gnd 7,) An adjustable inlet rocker arm was
the means of changing the 1ift. : EE

Three of the inlet valves and ports used were of the

same design (A, figs. 3 and 8). The elbows in the ports

of all valves were of identical dimensions and were suf-
ficiently large to offer small restriction to flow com-

rared with the valve and seat.’ 3Below the elbow, the porf
was tapered to suit the particuler valve for uhich it was
intended, (See fig. 3.) S

The digmeters of the geometrically ‘similar valves
were arranged to give équal liicrements of area., All de-
sign ratios, as well as the calculation of the flow coef-
ficients, were based on the minimum diameter of contact
between valve and seat,” D, in figure 8. "Even the

largest inlet ‘valve was considerably smaller than the ex-

haust valve, The large:exhaust valve was considered de-
sirablé in order to"mitimize-variations due to exhaust
effects.

The fourth inlet valve was of the same diameter as
the ldargest valve 0f the geometrically similar series
Just déscribed but was of different design (design.B,
figs. 3 and B).
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The three valves of design A; together with their
ports, had identical curves of flow coefficlent agalnst
lift-diameter ratio; the-valve of.design B had different
flow characteristicg. (See. fig. 9.) .. In order to deter-
mine the. flow-coefficient curve of . the valve under sbteady-
flow conditions; the valve and the cylinder were mounted -
as shown in figure 10, :The air passed through.the ori-
fice box and. into the valve port through a rounded ap- |
proach, .~ The valve 1lift was adjusted by = micrometsr
screw at the top of the cylinder, 4 constant pressure
drop of 10 inches of alcohol was maintained across the
valve by exhausting the cylinder with a vacuum pump. The
method of oomputing the flow coefficlent 1g described in
appendix A.f . _

Measuring Instruments

Torqus ‘was measured witn a small electrlc cradle
dynamometer and beam scales, Speed was determined by a
meohanical tachometer in congunction with . a strobotac
operating from a 60-¢ycle alternating~current line and
illuminating 36 painted stripes on the flywheel.

Air flow was measured by a sharp-edge orifice and
an NAGA micromanometer, The orifice was constructed in
accordance with the specifications given in reference 7.

All tamperétures-were measured with mercury—in—glass
thermométers with.the-exception of oil temperatures,
which were measured with vapor-pressure thermometers.

Fuel flow was measured by a rotameter, the callbra-
tion .of which was frequently checked by a comdination of
weighing scales and an auntomatic stop clock.

Atmospheric -pressure was meagured with a mercury

" barometer, inlet -pressure was measured in the vaporizing
" tank with a mercury menometer, and exhaust pressure was
measured in the exhsust surge tank by the same means.

Valve 1ift was determined in the following menner?
with the engine co0ld, the inlet-valve clearance was set
to the hot value and the rocker-atm ratioc was adjusted
(fig., 6) until the desired 1ift was obtained when meas-
ured with a dial gagse.

t
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“Sbark advande was messured by a'nedbn light (excited
by the spark discharge), which revolved with the crank-'
shaft adjaoent to e, stationary protractor.

e . -~ - L - Cp——
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The principal meastrement" reauired Tor Thess’ tests'”
was the alr capacity of the engine over a range_ of poper-

ating_ speeds._ In’ or&er to make tﬁis measurement under

-t Fg E Y ;oL H

comparative c0nditions, all’ variables were carbfuny con—__ ST
trolled.” This precaution made possible the) calctlation’” =
of other’ quantities Yhat were anaid in” dlsﬁovering ih~ N —
conSisten01es in the data and in determining the: cauges-
for any nonreproducibility of results,“‘ e . -
' Snecificaliy- the folioying quantitias‘ﬂ_ )

stant at the values indlcate'f'f_ _ cTTeETT L —
Inlet—mixture temperature,'°T”L'i L UQ#ETJL;;}';_;L'yQO .
Vaporizing tank pressuraJ inches of mtioufﬂ'absoldté-§§54
Fuel- alr ratdio L LR i nEe R SRR RSN 0,098 o
0il temberatu¥es, °F "% 7, ”*"*f “-ﬂ LT AR i 3
Jacket-water outlet temperature, °F . . . . . .. 180
Exhaust surge-tank pressureL inches of mercury

absolute . . .. Pl RN . . . wBl.4
Inlet-valve and exhaust~valve runnlng clearances, _

inch . ....0010

L. s X el T W S0 e 0 Tame e Tt S 297 T -

e an "rInlet opens,‘degrees o T : . " 28
Valve timiné Inletzcloses, ﬁegrees a B, C- _j Ce b8

ol N BExhaust, closes’,” degress ‘A, T' LR, T 28
mmﬁ;w; o Exhaust dpens, degreeé H‘B 3 '.f:*lf‘”:58 ]

“The following quantities were varied. S - =
(l) Engin.e speed. eite T e

”4“531»(2) Inlet~va;ve and 1ower pozt iiame o

(3) Inletnvalve lift

(é) Inlet—valve deaigan

i
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Several facts that affected the procedure were dis-
covered. e

‘.‘ A - P

(1) The curvé of power cutpub against fuel~-air ratio
was very flat for & donsiderable rarge of Fusl-ailr ratios,
and the best power fuel-air ratiq¢ did not change with
speed. This result made it .pgssgible to use a constant
value for fuel-air ratio ingtead "of having to determine a
new value for each set of conditions,

(3) The gurve of power outguﬁ against ‘§Park advance
was very.flat_in &ll ingtances. This résgult made it dif-
”ficult Lo. determine the best power setting birt,"at theé-

same tlms,_reduced the srror resu}ting from a mistake in
1udgment Rt e e

(1) Garbon deposits around the inlet valve remark—
ably increased reslstance to” fiow through the valve and
produged a corresponding redugction in air flow and power,
This result made it necessary- to remove the 6ylinder head
for cleaning after sach serids" Df firing tins and to
.shorten the duration of each. series as much as compatible
with accuracy and reproducidbildity of retults. ~Trouble
from this cause Was ellminated by taklng these precautions.

) - TES’T‘S"- o
o ) . o
, Each of the three similar Inlet valves (d351gn A )
was operated at three lifts. Inlet valve B was operated
at one 1ift., In each Case the engine was run, beth fir-
ing and motorlng, over 'a speed’ range from 2000 to 4400
rpm, in 400 rpm ‘irerements, -T5’ addition to this brinciypal
N-¥-31 of runs, 8 prelimlnary set of- runs ‘was ' made to deter-~
mine the proper fuel-aix ratio and the - sensitlvity of out-
put to spark advance. -

L R

The running time required for equilibrium conditions
to be attained was shortened by eirculating heated lubri-
cabting oi}l through the lubrication system and by circulat-
ing hot watér th¥ough:the  juckeis for approximately an ~~
hour before starting the engine. After the engine was
started an additional one-half't0.thrée«quarters. of an
hour was reguired befors complete temperature equilidbrium
was Obtained. The air capacity eeldom changed after B
minutes of operation under a given set of conditions.

-

|

il |
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The speed was progressively increased from 2000 to
4400 rpm, and check points were taken before thse engine
was stopped. Several times during thekcourse of these
tests complete curves were rerun to0 check reproducibility
of results, which was found to be unusually good.

- Ty L S AT T T SN = o M

[ UBESULEg . . et

The primary results of the tests are incorporated in
figure 11, air capacity agsins} piston speed; figure 12,
brake horsepower against pistod speed; and figure 1Z, -
motoring friction horsepower against piston speed. Sub-
sequent curves &drevderived from these. ' .

M P L N s S e T,
Ld, e RN LA

DIsCUssioﬁ 0F RESULTS AND GORRETATIOR. -

R 4
T g =

Figure 11 showe a wide varlation in air flow with
both valve size and Lif%t, espécially at high'piston speeds.
Each of the curves seems %0 approach a limiting value of
air flow at high speed. The reasonableness” 0¥'this result
can be seen by considering that the maximum possible air
flow' would be attained by having' sonic Yeloeity through.
the valve at all times. A caloulwtidon of'this limit. for
the 0,950-inch-~diameter valve operating at 0.238-inch 1ift
gives a result of 0,035 pound of air per, second;. the en-~
gine test showed the maximum flow o be.0,0268, pounﬁ per
second, The 1ift curve and the fact that the valve waeg
off its seat only 226/720 the time (see cam-lift curve,
fig. 7) was ‘taken into account imn this:calculation, out

no attempt was made to allow for temperature rise due to
:heat transferred to the air hy the valve and port.

- ~ - - .

Of more interest for thig report is the volumetric
efflciency e, defined as f0110Ws~-‘-

e = __Eiég__ _ _ S )
. —1- IN. - . L . i o . o
. — p ..v .l R R .
5 PiVp
where s ' ’ . w * ’ ;'. ‘ .
M air capacity,ipanhds per seQOnd n{;'iqafwﬁ? R

-

N “engine speed, revolutions per minute
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Py - "inlet dendity, poungs per ‘cubic -Foot .
vD"Pis?qﬁférSpl@cemﬁht;.ﬁwbic fe?tk’ Co

It has been ‘shown by dimensional analysis ‘(reference
8, p. 237 f.) that volumetric efficienecy e can be ex-
pressed as a function of several . variables. Neglecting
heat transfer, the following gquantities are bYelieved to
affegct e :

LRI svkeons
P .air dansiﬁf ét.inﬁéie'-(ﬁfﬁ—4‘§a)iﬁu-
b air :visoosity ‘gt intake (F 172 T)).
c sound veloocity in inteke air (L Tﬂl)
1. .'” t“éﬁaiéétéé;éﬁig'igngtﬁ:§fréggiﬁe _ﬁ%)if

§ . '..I.ratéﬁéﬁgi spéed of. énging . (T"l.')f‘f'

31}l35; l.design ratiOs Of engine and . i
Rﬁ,uetq.. ' 1nlat system (0) o '
If these” afe aIl of the quant;tiss ax f?cting e
there may be written T . RN B SaT
9'?'¢iﬁ(P.?NGFC$ i leR:? Ra; Raw etc )
and, by'afranging tﬁéﬁ ihto"ﬁoﬂdimenéibﬁai.barametérs;

R TS ST
¢a<p ,—c—-t Rll Rg,' RS' etc.>

But ¥ is proportional .tv, s, thn piston speed and
plEN -
9

Since the flow in most actual engines is well wp in the
turbulent region, it is reasonable to take no account of

= constant X Re, where Re is the Revnolds number.--

Tiw
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e = ¢3 (_% l. Rl,'Ra, Rs, etC.)

)]

H

! “
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For geometrically similar engines with similar inlet sys-
tems R;, Rz, Rz, and so forth, are constants, and

For the case of engines of different Qe31bh it 18 °F
convenient to retain the parameter =/c and to modify B
the expression by introducing the deslgn ratio

piston area
=

Ry
valve area

and

R, = .
R average flow coefficlent

The reason for using the first of these ies;gnxratiOS
is immedlately seen to be an attempt to change iston
apeed s 1into the corresponding gas velocity: through the
inlet walve.

The average flow coefflcient is defined in appendix
B. It is based on the lift- —~againsgt- crank ‘angle curve,

-

obtained from the cam-lift curve (fig. 7) and the rocker-

arm ratio, . and on the steady~flow coefflcient obtained at
sach value of the 1ift., The introduction of the average
flow' coefficient as an additional design factor corrects,
the nominal valve area for the changing 1ift. during the
suction stroke, and also includes:contraction sffects
through the "orifice" formed by the valve and. seat. (See
eppendix A.) i,;' o _ L L
In a normal engine, another important parameter is
the ratio of 1ntake—plpe length to-stroke, In this case
the effect of this paTrameter was purposely minimized by
using a short pipe cf large. dlameter and it could there-

S on

fore be ignored, ©: I r

A Y
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It might be expected ﬂhat. for_all engines with the -
same valve timing and with the same inlet- and exhaust -
conditions, there would be a unicue function,

st .- : - —

¢5 s 2 _~_>

where .. ' - " .. T ome o nwmoomomswore s wor T

L o
8 piston gpeesd A - s
c velocity of sound -
Ao Piston area R s - - <
Av nom1nal valve ares } R
av average flow coaffidtgﬂtvof“valve (appendix B)
This equation will not, in general, hold if there are .

regsonance effects in the inlset or exhaust systems, or if
the heat transfer %o a unit-weight of gharge during its .
passage into the.cylindey varies-appreciably with the -
valve gize or design, _ .. B

- In order 40 test the abeve apalysis, the volumetrio
efficlentiesn as deternined from $ig0ierl®. weks first
plotted sgalnetes "~ e ~carovrg omar v @ e Co : -z=

X plEUOH spﬂed X EiSuun alaa
'sound velocity x vaive area

e

v

. T LI ;4."
v 1

T ”2
T
as in figure 14.- Valve area is "4

(fig. 8) “and’ Y .
sound velocity is cemputed fgr airp at inlet~mixtuns tem— -
perabure,- The_mgst_intepasting p2int-b0 .note about. the
curves af figure.,l4:be-that . .the three cunves ‘obialned:

with similar:valveg.running at-ihe same.:bm&x/Dp- ratio ' ’

(0.25) are practically identioal over most of ‘the speed
range covered. . . L

.4 e e e m L m '. s - v e - . - - A
] - . =z . - - ==

The correlatibn obtained by multiplying the abscissa

) 6 445 SR
sc l ‘0 f l b -
ale of 1gure 4 y average steadv ~flow coafficient
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shown dn figure 15, The factor 0,445 ig the value of the

.average flow: coefflcient for valves of deﬂlgn A oneratlng

at max/DE = 0 25 ';: B . , - L
"The correlation obtalned by tnls method seems remark—

ably good. It may be noted that the curve for the valve

of design B tends to show a slight departure in trend from N L

the average of the points for the geometrically similar

valves. This difference, together with the smaller de-

parture of the other points from exact correlation, may be

explained in part by the discussion which follows. - C o

Thermal Effects ' o i} -

Forbes and Taylor (reference 2) have analyzed the
temperature rise of the fresh charge entering an engine’ '
cylinder. For thig purpose they divided the total tem-— -
perature rise into three parts: "heat transfer from valve
and port to the flowing charge; "pressure drop due t0 re-—
sistance to flow in the valve (with subsequent reéompres-
sion and temp. rise); and, finally, the’ unaccounted~-for:
temperature rise, a part of which' was due to0 hest trans-=
ferred to the stagnant charge from valve. and port durlng
the period while the valve was closed, ‘

Several interesting facts resulted from this analysis,
First, the computed temperature rise-due to heat transfer
to the flowing charge was slightly .less at 1500 rpm than
at 1000 rpm but was a2 much higheripercentage of the total, _
Secend, the temperature rise due to flow resistance dou-- '
bled from 1000 to 1500 rpm, -and the percentage of total o
temperature rise attributable to flow resistance trebled. -
Finally, the unaccounted-for temperature rise dropped
from 56 to 26 percent as the speed was increased. . _

It now seems 11kely that this large change in the
.unacecounted-for temperature rise was at least partly due
to a valve~timing peculiarity. The combination of late
inlet~valve closing, slqw speed, and large inlet valve
probably caused some "blow<back!" of charge into the in-
let port before the valve closed, with the result That
some portion of the charge passed three times through the
valve instead of once; this action violates one of the
assumptions used in calculating the heat transfer from
the valve to the flowing charge. )
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-
.

The dimensional analysis in the present repoért takes
no deliberate account of these imvortaqt thermal effecte,
-but:ib -ils likely that the average flow coefficient param—
eten does’ indlude a partial correotiOn fOr heat transfer
‘ad: Long: as the d6sign of the valVe isg unchanged Two
similar valwes operated at the same value of :Q

| 4Pistohlépeeh:, Pieton ares % R a constant -
sound velocity valve arsa average flow cocefficient

would be expected t0 transfer sbout the same amount of
heat per. pound of air passing.-through: them; since the
velocity over the. surfaces is. the same in the two in-
stances. A, possible difference would be.due $0 variation
in Reynoids pumber, which 'will. probably have a very small
effegot, over thﬁ range of sizes investigated. |

_ On the other hand it 1s not difficult to imagine
that an improvement of. flew by - the caddttion, say, of- '
etraightaning vanes-in a port elbow :might-decreasé¢ the-
measired resistance to.flow;.buty 'im an.engins, ths inx-
crease in heat transfer resulting from increased surface
area might -cancel the ‘gain due-to improvement im meaaured
flow coefficient. LR TR P

}' It i'g not surpn131ng, therefore, to “Find th&t the
‘curves Qf figure 15 :show better :eormelatioen- Yetwgen- "
valveés .0f the s.ame deeign than with .the valwe of different
design. Thisufact would -geem to Andicste that -the addi-"
t1onal parameters whiqh must be intraoduced ‘into the di- -
mensional analysis to take care ©of heat: transfer  complete—
ly will be primarily functions of design.

nod R N TR < ".'.‘"“__ TarL --AI-'-":"'J"-

. sar oy - -
L T )

.
!.“n - T e

- . Effects on Epgipe Power cLo i e

A Iy wiil be nated 1n ﬂigure l that maxd mum- power out—
put decregses and.that &he Ppeeaks of Ahe- crves: occur at -
prOgrpssively lowpr piston gpeeds . as: the: inlet~va1ve adi~--
ameter oy Lif} 1. decreased,, This:effiect is simtlar to -
the effect noticed when, an engine 1is.-throttled in the or-
dinary’ manner.' If 1% 1q assumed that-indicated  hopkepower
is proportional to air capacity (fig., 16 is & measure of
the validity of this assumption), then it can be seen
from the curves of figures 12 and 13 that the brake-
horsepower curves will have the characteristics noted.

i’
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The peak brake horsepower occurs at the piston speed
“where friction horsepower is rising ‘as rapldly as indl~‘
cated horsepower, : : '

The indicated horsepower may be expressed:

- -

. ovg

e M F ¥ M 350 e
where
M air capacity, pounds per seccﬁd-

¥ fue1~air ratio

E, heating value of the fuel,'ﬁtu per pound no

n indicated thermel e‘ficiency

The slope of the curve in Ffigure 16 is proportlonal to
the thermal sfficiency N and the scatter of poin¥ts gives
an indication'of how nearly congtant .the efficiency,re-,
mained, - Too much importance should not be attached to -
individtal,points in figure 15, because. each point con=~"
tains at least two appreciable errore.‘ The first is the
. experimental -error in measuring both the brake and. fric-
tion horsepowers. The second is due %o the assump¥tlion
that the motoring friction.is the same.as the firing
frlgtion whleh is. no% necessari1y true (reference 8, P.
1639 = . S . .

CONCLUSIONS

1, Under the conditions of these tests the steady-
state flow coefficient of the inlet velve and port was.a
useful measure of the actusl coefficient under running
conditions, :

2. The variation of volumetric efficiency resulting
from changes in valve design, size, and 1lift can be ex-
pressed as a function of piston speed, asound velocity,
piston area, valve area, and average flow coefficient,
provided that other design ratios and operating condi-
tions are kept constant.
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3.: . With-the valve timing used, and over the speed -
range investigated, increasing either the inlet-valve
dlameter or lLift improved volumetric efficilency and power
cutput.

. . - R - cae e ige ;';,_ — -

4., At values of lift-diameter ratio less than about
0.25, changing the inlet-valve 1lift had the .same effect
as changing the diameter, while for values about 0,25 the
diameter had a greater effect than 11ft,

RECOMMENDATIONS

Attention is invited to the fact that nomlnal gas
velooities through the inlet valve,.

piston speed X pigton—-area
Ce = . valve area - e

for these tests varied from 240 to 830 feet- per secOnd

In current aircraft ‘engines at rated speed, this factor_
is in the neighborhood of 180 feet per second. - This fact
woild indicate the desirability of extendlng this inves—_
tigation through a 1ower range of nominal gas velpcities.

Since variations in ;nlet—valve tlming might have
an important effect on inlet-valve performance, particu~
larly in the lower speed range, it is recommended that
any further work in this field include inlet-valve timing
as a variable.

Massachysetts Institute of Technology,
Cambridge, Hass., April 1943,
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T APPENDIX-A ’ SRR

METHODS OF DETERFINING FLOW GOEFFICIENTS FOR STEADY FTOW

-

L The Flow Goefficient

The steady~flow coefficient.for poppet valves heas
been developed to serve  as a basis .upon which to compare
various valve and port combinations (references 3, 4, 5,
and 6)., The flow coefficient is an inverse measure of .
the resistance to flow through the valve and port at a

glven lift, L . m e

In the determination.of 'the flow coefficient, a con-
stant pressure drop 1s created across the valve and the
rate of mass flow ig measured. . For .the low pressure drap
usually used (10 in, alcohol), thé flow coefficient is
determined from the equatlon.

M= A, C./2 pap

in which the .flow GOefficient G' is the only unknown.

The flow coeff1c1ent ig based upon the nominal valve
L oot
4

opening as the valve ig lifted are reflected in the flow
coefficlent. . . .

area . Ghanges in the actual area of the valve

In order to0 make possidble the compgrison of valves
of different diameter, it is necessary to compare the
flow coefficients on the basis 0f a nondimensional param-
eter, in this case I/D;. In the steady-flow tests made
for the present report a series of lifts. was selected for
eacn valve such that the flow coefficient wags determined
at intervals of 0.05 L/D from O to 0,35, .Figure 9 shows
the results of tests on the valves used in this investi-
gation, and figure 10 ghows the apparatus used.

The selection of the diameter upon which the valve
area and the L/D ratio are based is optional, When
different valves are, compared, however, it.1is necessary
to use the same chgragteristic_diameter.
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The flow coefficient of the valve at a given IL/D
is caelculated from the measurementis made with the pre-~
viously described apparatus by the following convenient
formule, developed in reference 6, by.equeting the alr
flow through the metering orifice to the air flow through
the valve:

Mi?:@d A/391 APl Av CM Pa APs -
and

Ao co_ Ap,y
. | Av . ﬂp'a:'_.'

provided that 'py, & p;, whiohl is equivalent 10 having

Apy << Py
where : -
M air flow, weight per unit time
C steady-flow coefficient of valve
C, coefficlent of metering orifide
A, 'nominal valve area = -
Ay orifice grea

Ap, ©Dpressure drop acrOss orifice . _ .
Aps pressure drop acroas valve

1 .density at orifioe

Pz density at valve

. Intermittent Flow

The carve of c against L/D calculated bv the
method Just described iz obtained under steady-flow con-
ditionse. In the internal-combustion engine the flow 1s
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intermittent. The application-of steady-flow results to
intermittent conditions was at first questioned (refer-
ence 3), but the validity of its use was later establlshed
by Waldron: (reference 5)..  Waldton's %ests, however, wére
run at.speeds’ apprecia%lv lower than those employed in
.the present tests. Thé validity-of the appllcatiOn of’
the steady-flow coefficients t0o intermittent-conditions
at the highest crank speeds used here has not been estab—
lished, The success of the eorrelation of the engine
test: data: indicates, however, that the steally-flow coef-
"ficient is veéry ‘ugeful, whether or not it is an  asccurate
measure of the coef?icient in mctual-intermittent flow,

. APPENDIX B - " .
THE AVERAGE FLOY COEBFFICTENT

The average flow coefflcient used in the correlation
of ‘deta in figure 12 is deflned as- ";:f;

- 30 .
A .. .
Car fTGdQ//ic.d_Q e
_ A ‘
Where ' § is the number of crank degreas during which

o
the Valva is open and ‘G 1ig¢ .the flow cOsfflcment corre-

sponding to &4 given.crank.adgle. -~ = e e

The average'fLow'cdefficient"was determined in the
following manner:® " ‘Eirst, the valve-~-lift sur¥e was ob-
tained from the cam proflle (fig. -7) and the rocker-arm
ratio., From the curve of flow coefficient against lift-—
diameter ratio (fig. 9) it was then possible to plot a
curve of C against 8 (fig., 17). .
The area under this curve was then measured with a

planimeter, and the average flow coefficient Gav vias

obtained by dividing this area by the length of the ab-

scissa 8, and multiplying by a scale fagtor, The

variation of C_, with Lmax/DZ is shown in figure 18,
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